The implication of the dorsal stream in manipulating auditory information in working memory has been recently established. However, the oscillatory dynamics within this network and its causal relationship with behavior remain undefined. Using simultaneous MEG/EEG, we show that theta oscillations in the dorsal stream predict participants' manipulation abilities during memory retention in a task requiring the comparison of two patterns differing in temporal order. We investigated the causal relationship between brain oscillations and behavior by applying thetarhythmic TMS combined with EEG over the MEGidentified target (left intraparietal sulcus) during the silent interval between the two stimuli. Rhythmic TMS entrained theta oscillation and boosted participants' accuracy. TMS-induced oscillatory entrainment scaled with behavioral enhancement, and both gains varied with participants' baseline abilities. These effects were not seen for a melody-comparison control task and were not observed for arrhythmic TMS. These data establish theta activity in the dorsal stream as causally related to memory manipulation.
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In Brief Albouy et al. show that driving brain oscillations with rhythmic stimulation can specifically improve auditory working memory performance and modulate brain activity and connectivity patterns. These findings suggest that oscillations can serve as targets for controlled interventions into brain function.
INTRODUCTION
Current models in neuroscience propose that auditory cortical processing is organized according to two pathways (Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Rauschecker and Tian, 2000; Zatorre et al., 2007) . For the specific case of pitch working memory, these models have drawn support from neurophysiological recordings to demonstrate that while the ventral pathway supports simple memory processing (simple melodies comparison, mismatch negativity; Albouy et al., 2013 Albouy et al., , 2015 Garrido et al., 2007; Kumar et al., 2016) , the dorsal auditory stream is recruited when high-level processing is required, such as memory manipulation (Foster et al., 2013; Foster and Zatorre, 2010a; Zatorre et al., 2010; see Champod and Petrides, 2007, 2010 for similar observations in the visual domain).
However, most of these studies have remained at the descriptive level of correlation approaches to link brain activity to behavioral performance. Although this method allows the establishment of statistical dependency between neurophysiological activity and cognitive abilities, it does not provide insight about the causal architecture of the interactions. A promising way of inferring this causal relationship is to use non-invasive brain stimulation approaches (Pascual-Leone et al., 2000; Walsh and Cowey, 2000) . Specifically, frequency-tuned rhythmic stimulation (Romei et al., 2016a) can not only show causality, but also infer the functional role of brain oscillations. This approach consists of tuning the frequency of stimulation techniques, such as rhythmic transcranial magnetic stimulation (TMS) or transcranial alternating current stimulation (tACS), to target underlying oscillatory brain activity (Alekseichuk et al., 2016; Helfrich et al., 2014a Helfrich et al., , 2014b Romei et al., 2016a Romei et al., , 2016b Thut and Miniussi, 2009; Thut et al., 2011a Thut et al., , 2011b Waldhauser et al., 2016) .
Such stimulation protocols thus aim to boost ongoing/intrinsic brain oscillations, which are commonly used as markers of brain activity, as they emerge when neuronal elements of a network (local or distant) synchronize their activity (Buzsá ki, 2004; Buzsá ki and Draguhn, 2004) . Brain oscillations allow inferences about the orchestration of distributed brain activity (Engel et al., 2013; Siegel et al., 2012) and its relationship with cognition (Fries, 2015) . The principle of frequency-tuned non-invasive rhythmic stimulation is thus to interact with endogenous oscillatory neural activity through either entrainment or phase cancellation by means of rhythmic electromagnetic induction (Romei et al., 2016a; Thut et al., 2012) .
In the present study, we used rhythmic TMS (r-TMS) combined with electroencephalography (EEG) to investigate the causal relationship between ongoing brain oscillations in the dorsal stream during auditory working memory and individual manipulation abilities. We used a task in which participants have to compare two tonal patterns that differ in the notes temporal order, which in prior studies reliably activates the dorsal auditory stream, including the intraparietal sulcus (Foster et al., 2013; Zatorre et al., 2010) . We first identified, using simultaneous magnetoencephalography (MEG)/EEG, the functionally relevant theta oscillatory signature in the dorsal stream that can predict participants' memory manipulation abilities (as compared to simple melody comparison). We then modulated these brain oscillatory signals during a functionally relevant time period of the task (Retention period) and investigated consequences on behavior. By combining behavioral measures and EEG recordings during each session, we were able to investigate not only the behavioral TMS outcomes, but also estimate when and how brain TMS-induced electrophysiological responses support the potential behavioral changes. We showed that theta-rhythmic TMS applied during a functionally relevant time period of the task enhanced ongoing brain oscillations (both in terms of power and inter-regional phase locking) and participants' performance for memory manipulation. The causal relationship between brain activity and behavior was demonstrated by showing that the amount of TMS-induced, task-specific cortical entrainment scaled with the behavioral enhancement.
RESULTS
Seventeen healthy individuals performed two auditory tasks during three different recording sessions (three different days; Figure 1A ). The first task involved a simple pitch judgment (Figure 1B , ''Simple Task,'' detection of a local pitch change in a delayed-matched-to-sample task); the second task used the same stimuli and relative timing but required the manipulation of auditory information (Figure 1B, ''Manipulation task, '' in which the listener must identify a local pitch change in two patterns that differ in temporal order; Zatorre et al., 2010; Foster et al., 2013) . On Day I, participants performed the auditory tasks during a simultaneous MEG/EEG recording. Data of Day I were used to isolate manipulation-related oscillatory markers within the working memory network (Manipulation task) during memory retention and to define the tuning frequency, the functionally relevant time period of the task, and the target region for the TMS. Neither the latency nor the frequency of oscillatory bursts related to memory manipulation were known a priori. However, based on previous fMRI studies (Foster et al., 2013; Zatorre et al., 2010) , tasks and trial-typerelated differences were expected along the bilateral dorsal auditory pathways, including the intraparietal sulci. We thus first identified this network of interest for each participant based on event-related analyses during the silent period between the two melodies (see Figures 1D and 2A) . We then investigated the oscillatory dynamic within this network by performing time-frequency decompositions of the signals extracted from the identified regional nodes. This pragmatic approach facilitated signal extraction in time and frequency by reducing the data volume.
EEG recording on Day I provided baseline behavioral and electrophysiological data that were later compared to that of the TMS sessions (Days II and III). On Days II and III, participants performed the same auditory tasks under rhythmic or arrhythmic TMS (ar-TMS; counterbalanced for order across participants; Thut et al., 2011a) , with the pulses always delivered during the silent interval between the two stimuli, combined with simultaneous EEG (see STAR Methods; Figure 1A ).
Intraparietal Sulcus and Manipulation of Auditory Information Behavioral performance was above chance level for each task on Day I (t tests, all p values < 0.001) and was positively correlated with participants' musical experience (years of musical training; Manipulation task r(16) = 0.59, p = 0.01; Simple task r(16) = 0.52, p = 0.03). Consistent with previous studies (Foster et al., 2013; Zatorre et al., 2010) , accuracy (d 0 ; Figure 1C ) for the Manipulation task was lower than for the Simple task (t(16) = 13.12, p < 0.001).
Classic auditory responses were evoked by the melodies in all participants ( Figure 1D , data of Day I). MEG and EEG time series (average of the two tasks) indicated clear P50 and N100 waves after each tone during Encoding (0 to 750 ms) and Retrieval (2,750 to 3,500 ms) periods with bilateral sources in the auditory cortices and inferior frontal regions ( Figure 1D , cluster p < 0.001). Additionally, during the Retention period (750 to 2,750 ms), a sustained evoked response (slow retention wave; see Albouy et al., 2013; Grimault et al., 2014; Lefebvre et al., 2013) emerged in bilateral ventral and dorsal auditory pathways, including auditory cortices, inferior and superior frontal cortices, supra-marginal gyri, superior temporal sulci, and intraparietal sulci (Figures 1D, 2A, and 2B) . In line with the MEG results, classic frontocentral negativity during Encoding and Retrieval periods, as well as posterior parieto-occipital positivity during the Retention period, were observed on EEG scalp topographies ( Figure 1C , right panel).
To identify the brain networks associated with correct manipulation of information in memory, we performed two comparisons on the MEG source maps and EEG topographies: (1) task (Manipulation Correct versus Simple Correct) and (2) trial type (Correct versus Incorrect trials, Manipulation task only). These measures were obtained using non-parametric, cluster-based permutation statistics (see STAR Methods). Absolute amplitude of sustained evoked responses was significantly increased in the left dorsal stream for the Manipulation task as compared to the Simple task (Correct trials) during the Retention period (p = 0.03, significant [sig.] time window = 1,750 to 2,000 ms; Figure 2A) . The significant cluster covered the left intraparietal sulcus, left superior temporal sulcus, left inferior and superior frontal cortices, and left motor and premotor regions.
The role of the dorsal stream in the Manipulation task was also underlined by the trial-type comparison (Correct versus Incorrect). During memory retention, right superior and inferior frontal cortices (cluster p = 0.03, sig. time window = 2,000 to 2,250 ms) and the left dorsal stream (including the left intraparietal sulcus and left superior frontal cortex; cluster p = 0.03, sig. time window = 2,000 to 2,250 ms) showed increased amplitude of the event-related responses in Correct trials as compared to Incorrect trials. Finally, task and trial-type comparisons revealed significant effects on EEG scalp topographies that were consistent in space and time with the MEG results (Manipulation Correct versus Simple Correct: cluster, p = 0.04; sig. time (B) Auditory tasks. Simple task: ''same'' trials: after a 2 s delay, the first melody was repeated; ''altered'' trials: one tone was changed in the second melody of the pair (red square). Manipulation task: ''same'' trials: the first melody was repeated but in a reversed temporal order; ''altered'' trials: the second melody of the pair was presented in a reversed temporal order, and one tone was changed (red square window = 1,750 to 2,000 ms; Correct versus Incorrect Manipulation task: cluster, p = 0.03, sig. time window = 2,000 to 2,250 ms; Figure 2B ). Consistent with previous studies, our results show that during the Retention period, increased activity in the dorsal auditory stream (see Figures 2A and 2B ) supports correct manipulation of auditory information in memory (Foster et al., 2013; Zatorre et al., 2010) . These event-related analyses were performed in order to identify a region of interest (ROI) in which manipulation-related oscillatory activity could be investigated (see STAR Methods). The ROI's centroid coordinate was used as target coordinate for TMS in the second part of the experiment. For each participant, the ROI was defined by a conjunction analysis between the main effects of Manipulation versus Simple contrast (Correct trials) and Correct trials versus Incorrect trials contrast for the Manipulation task (see conjunction Figures 2A and 2B , right panels). At the group level, brain areas showing significant effects in both contrasts were the left intraparietal sulcus (x = À36, y = À60, z = 56) and the dorsal premotor cortex (x = À36, y = À6, z = 64). Based on these results and on previous studies, we thus selected the left intraparietal sulcus as the ROI for time frequency and functional connectivity analyses and as TMS target region for each participant. Note that the contrasts reported above were performed at the individual level to identify the coordinate of the left intraparietal sulcus for each participant in the native space (see Figure S1 ). These analyses revealed that 14 out of 17 participants showed bilateral intraparietal sulcus activations. As the activation of the left intraparietal sulcus was observed in all participants, this region was selected as the TMS target for the rest of the experiment (Days II and III). 
Theta Power Supports Manipulation of Auditory Information
The crucial aim of the first part of the experiment was to identify ongoing oscillatory signatures in the dorsal stream that were specifically increased when participants were correctly manipulating information in memory (Manipulation task Correct trials). We were thus interested in the differences between tasks (Manipulation Correct versus Simple Correct) and between trial types (Correct versus Incorrect in the Manipulation task) in ongoing oscillatory activities in the left intraparietal sulcus during the retention of auditory information. Time-frequency analyses were computed for each task and trial type (see STAR Methods), and the contrasts of interest (Manipulation Correct minus Simple Correct and Correct minus Incorrect for the Manipulation task) were estimated. We then extracted the power spectrum density (PSD) in the resulting difference maps for the average activity over the central part of the Retention time period, during which task and trial-type comparisons were significant in the eventrelated analyses (1,750 to 2,250 ms post-stimulus onset; see Figure 2 ). The results are depicted in Figure 3 .
Task and trial-type comparisons revealed that theta power (5 Hz) during the Retention period increased for Correct trials in the Manipulation task as compared to: (1) Correct trials in the Simple task (MEG: t(16) = 2.01, p = 0.04; EEG: t(16) = 3.77, . Time-frequency maps were Z scored with baseline activity (À1,000 to 0 before stimulus onset). PSD, power spectrum density; statistical significance was tested over the center of the Retention time period (1,750 to 2,250 ms) based on the ERR analyses (see Figure 2) . Shaded error bars indicate SEM. Asterisks indicate significance; n.s.: non-significant. (E and F) Scatterplots of participants' performance in the Manipulation task against theta power in the Retention period for the Manipulation task (Correct versus Incorrect contrast) for MEG data (E) and EEG data (F). p < 0.001) and (2) Incorrect trials in the Manipulation task (MEG t(16) = 5.22, p < 0.001; EEG t(16) = 4.70, p < 0.001). The average intrinsic theta oscillations for the contrast Manipulation versus Simple was 5.23 ± 1.25 Hz (5 participants at 5 Hz, 6 participants at 4 Hz, 3 participants at 6 Hz, 2 participants at 7 Hz, and 1 participant at 8 Hz). Note that whole-brain analyses of theta power revealed that theta generators were spatially consistent with the ROIs defined from the sources of the event-related responses ( Figure S1B) .
Interestingly, theta power in Correct trials as compared to Incorrect trials predicted participants' performance on the Manipulation task in both MEG and EEG measures (see Figures  3E and 3F ) and was positively correlated with participants' musical experience (MEG r(16) = 0.58, p = 0.01; EEG r(16) = 0.48, p = 0.05). These correlations were not significant for the Manipulation versus Simple contrast (all p values > 0.16). The significant correlations for the first analysis suggests that the amount of theta power in the left intraparietal sulcus can be used as a predictor of participants' manipulation abilities in auditory working memory.
Based on these findings, and using the same behavioral tasks during Days II and III, we targeted the left intraparietal sulcus with rhythmic TMS during the Retention period in order to test the hypothesis that we can causally boost ongoing theta and behavioral performance specifically when the manipulation of information was required (i.e., during the Manipulation task but not during simple melody comparison). In the present experiment, we aimed to perform a precise information-based rhythmic TMS protocol, as data of Day I (baseline) allowed us to define when (Retention period), how (theta-range oscillation), and where (left intraparietal sulcus) we should apply rhythmic TMS.
Theta r-TMS Boosts Memory Manipulation
Prior to the main stimulation protocol, we performed a supplementary sham experiment with seven new participants. This was done to control for the potential perturbation effects of (and potential entrainment through) rhythmic sounds related to the TMS clicks. Protocol parameters were similar to those of the main experiment (see STAR Methods), but instead of performing active stimulation, we used sham rhythmic and arrhythmic TMS. This experiment revealed no significant effect of sham stimulation on behavior ( Figure S2 ).
In the main stimulation experiment, the 17 individuals who participated in the first MEG/EEG session (Day I) were then stimulated with TMS applied over the left intraparietal sulcus ( Figure S1 ). Accuracy (d 0 ) was analyzed with a 3 3 2 ANOVA with session (Day I baseline, rhythmic TMS, and arrhythmic TMS) and task (Manipulation and Simple) as within participant factors. In addition to the main effect of task (F(1,16) = 239.52, p < 0.0001), the session-by-task interaction was significant (F(2,32) = 3.25, p = 0.05). With rhythmic TMS trains tuned at theta frequency, performance was increased as compared to Day I (baseline) (p = 0.02, least significant difference [LSD] post hoc test, only 4 out of 17 participants were not showing the effect) and to arrhythmic TMS (p = 0.04) only for the Manipulation task (see Figure 4B) . In contrast, rhythmic TMS did not modify the participants' behavioral performance for the Simple task, as compared to Day I baseline (p = 0.27) and to arrhythmic TMS (p = 0.75). Interestingly, arrhythmic TMS did not modulate participants' accuracy in comparison to baseline for either task (all p values > 0.43; Figure 4B ). Finally, the behavioral enhancement associated with the rhythmic stimulations (versus Day I baseline) was negatively correlated with Day I baseline accuracy ( Figure 4C ). In summary, poor baseline performers benefited more from rhythmic stimulations than good baseline performers. Note that to control for a potential order effects of the recording session, behavioral data were sorted as a function of the recording day (regardless of the TMS stimulation parameters). These data were analyzed with a 2 3 3 ANOVA with tasks and order (Recording Day) as within-participant factors. Except for the main effect of task reported above, behavioral data did not reveal any significant effect of order or interaction between task and order (all p values > 0.20).
Theta r-TMS Entrains Theta Oscillations to Selectively Boost Memory Manipulation
Non-parametric cluster-based permutation statistics (see STAR Methods) were used on EEG topographies to estimate the main effects (averaged of the two tasks) of the rhythmic TMS as compared to the two other recording sessions (Day I baseline and arrhythmic TMS) during the Retention period (averaged activity between 750 and 2,750 ms post-stimulus onset; see red dotted outlines in Figures 5A-5C and 5E). As compared to Day I baseline, rhythmic TMS increased the power of ongoing theta oscillations over left fronto-parietal electrodes (cluster p = 0.04; Figure 5B ). This effect was also observed in posterior parietal regions when comparing rhythmic TMS to arrhythmic TMS (cluster p = 0.04; Figure 5C ).
To assess the specificity of the results, we extracted theta-power differences between sessions for each task in two different time windows within the Retention period corresponding to: (1) the stimulation period (during which TMS was applied; green dotted outlines) and (2) the post-stimulation period (yellow dotted outlines; Figure 5A ). This analysis was performed within an ROI defined by the conjunction analysis of rhythmic TMS main effects (rhythmic TMS versus Day I baseline and rhythmic TMS versus arrhythmic TMS; Figure 5D ).
Interestingly, while rhythmic TMS boosted theta power as compared to Day I baseline and to arrhythmic TMS during the stimulation time window for both tasks (all p values < 0.01), this effect was not significant for the post-stimulation time window (all p values > 0.09).
To investigate the potential task differences during the stimulation time window, we computed a 2 3 2 ANOVA with sessions (rhythmic TMS versus Day I baseline and rhythmic TMS versus arrhythmic TMS) and task (Manipulation and Simple) as withinparticipant factors. This analysis revealed that rhythmic TMSinduced theta power (as compared to Day I baseline and arrhythmic TMS) was higher for the Manipulation task than for the Simple task (main effect F(1,16) = 4.35, p = 0.05). This suggests that rhythmic TMS outcomes are potentiated when the periodic stimulation corresponds to the frequency of ongoing, functionally relevant, task-related brain oscillations. Furthermore, we observed that the amount of entrainment as compared to Day I baseline was positively correlated with participants' behavioral enhancement in the Manipulation task (see Figure 5E ). This causal relationship between oscillatory entrainment and behavior was not observed for the Simple task (p = 0.87). Finally, trial-type comparison was performed for the rhythmic TMS session in the ROI defined by the conjunction analysis. The analysis revealed that theta power during the Retention period increased for Correct trials compared to Incorrect trials in the Manipulation task (t(16) = 2.10, p = 0.03; Figure 5F ).
Inter-regional Theta Phase Locking Supports Manipulation of Auditory Information
To investigate the potential role of theta oscillations in interregional communication that may support memory manipulation, we performed functional connectivity analyses of MEG source maps during the Retention period (data of Day I). We investigated theta phase locking value (PLV) and coherence (Coh) between the left intraparietal sulcus and the rest of the brain (Jerbi et al., 2007; Lachaux et al., 1999; Tallon-Baudry et al., 1996 ; see STAR Methods; Figure 6B ). For each metric, differences between tasks and trial types were computed at the level of the whole brain (see STAR Methods), and these data were then linearly regressed with participants' performance in the Manipulation task (for illustration, see Figure 6B ). Statistical significance was estimated in three ROIs: the left pre-supplementary motor area (SMA), the right dorso-lateral frontal cortex, and right intraparietal sulcus. These regions have been reported to be part of the auditory manipulation network by previous fMRI studies (Foster et al., 2013; Zatorre et al., 2010) . These analyses revealed that the amount of increased theta PLV between these three regions and the left intraparietal sulcus (in the Manipulation task as compared to the Simple task) was positively correlated with participants' performance in the Manipulation task. These effects were not significant for the Coherence metrics (see Figure S3) and for the trial-type comparison (both for PLV and Coh, all p values > 0.15).
To investigate the effects of rhythmic TMS on the endogenous phase of the EEG signals, we estimated TMS-brain phase locking (see STAR Methods) for each task and for the three time windows of interest (Retention period, Stim, and Post-Stim; see Figure 5A ). Task comparison revealed that phase locking with the TMS pulses was increased for the Manipulation task as compared to the Simple task (Retention period, cluster p = 0.03; see Figure 6F ) over left fronto-parietal and right parietal regions. Interestingly, this phase locking was present during both stimulation and post-stimulation periods for all tasks (all p values < 0.01), indicating that while rhythmic TMS power effects were limited to the period of the stimulation ( Figure 5D ), its effect in entraining the ongoing phase of brain oscillations persists over time. In order to investigate the temporal dynamics of the entrainment, 5 Hz inter-trial PLV was computed on the rhythmic TMS data for both tasks. This analysis was performed on time series extracted from the significant cluster of electrodes defined by the Manipulation task versus Simple task contrast (Figure 6F ). Inter-trial phase locking (see Figure S4 ) revealed that the entrainment was sustained during the second part of the Retention period and lasted over at least five cycles (1 s, between the last TMS pulse and the beginning of the second melody).
DISCUSSION
Our study demonstrates that rhythmic TMS promotes endogenous brain oscillations to specifically boost participants' manipulation abilities in auditory working memory. Behavioral enhancements were task specific and scaled with the amount of oscillatory entrainment in the individual's EEG signal, thus providing evidence of a causal relationship between brain activity and behavior. Moreover, we show that rhythmic TMS outcomes on phase and power are expressed differently in time: while the power effects are limited in time to the stimulation period, phase entrainment persists during the post-stimulation time window.
Distributed Networks Supporting Auditory Working Memory MEG source imaging during the Encoding and Retrieval periods of the working memory tasks (average of Manipulation and Simple tasks obtained without stimulation on Day I) revealed activity in bilateral auditory and inferior frontal cortices (pars opercularis and triangularis of the inferior frontal gyrus). This activation pattern is in line with recent studies showing the role of these regions, together with functional and effective connectivity between them, in online maintenance, encoding (integrating sequential auditory events), and retrieval of tonal patterns (Albouy et al., 2013 (Albouy et al., , 2015 Garrido et al., 2007; Kumar et al., 2016) . During memory retention, in addition to the auditory cortices and inferior frontal regions (see Koelsch et al., 2009; Kumar et al., 2016; Zatorre et al., 1994 for converging evidence), sustained evoked activity emerged in bilateral dorsal streams, including intraparietal sulci and superior frontal regions (Figure 1D ; see Grimault et al., 2014; Lefebvre et al., 2013; Foster et al., 2013; Zatorre et al., 2010) . Interestingly, the recruitment of the dorsal auditory pathways during memory retention varied as a function of the task being executed and as a function of accuracy (Correct versus Incorrect), implying a direct brainbehavior relationship.
Dorsal Pathway, Intraparietal Sulcus, and Memory Manipulation Contrasting the memory manipulation to the Simple memory task, and Correct to Incorrect trials during the Retention period of the Manipulation task, we found increased and sustained evoked activity in the auditory dorsal stream, including the intraparietal sulcus (Figure 2) . The location and extent of intraparietal sulcus activation observed in the MEG source maps are similar to the fMRI activations reported for other types of mental transformation/manipulation, such as quantitative calculation or visual mental rotation (e.g., Alivisatos and Petrides, 1997; Frey et al., 2005; Harris et al., 2000; Ischebeck et al., 2006) . For working memory, while the posterior parietal cortex (including the intraparietal sulcus) has been originally identified as a short-term memory store (Baddeley, 2010) supporting memory maintenance (D'Esposito, 2007; Jonides et al., 1998; Postle et al., 1999; Wendelken et al., 2008) , recent studies have highlighted its specific contribution to memory manipulation processes Petrides, 2007, 2010; Foster et al., 2013; Zatorre, 2010a, 2010b; Zatorre et al., 2010) . Benefiting from the temporal resolution of MEG, our results extend those prior findings by showing that the intraparietal sulcus is involved specifically during the Retention period of the task, which is when the manipulation had been proposed to occur (Foster et al., 2013; Zatorre et al., 2010) . In order to investigate the neural dynamics supporting manipulation processes during memory retention, we then investigated task-related and trial-typerelated oscillatory activities within this specific network.
Spectral Fingerprints of Memory Manipulation in the Dorsal Stream
During the Retention period, local theta power increase (in the intraparietal sulcus) and long-range theta phase locking (but not coherence; Figure S3 ) in the dorsal stream was linked to correct manipulation of information in memory (Figures 3 and 6 ). These results are in line with several electrophysiological studies showing that theta power in distributed fronto-parietal regions, as well as phase synchronization between them, support working memory processing (see Eriksson et al., 2015; Fell and Axmacher, 2011; Lisman, 2010; Sauseng et al., 2010) . Notably, increases in parietal theta power during the memory Retention period are known to vary in amplitude and duration as a function of memory load and working memory demands (Jensen and Tesche, 2002; Klimesch, 1999; Raghavachari et al., 2001; Tesche and Karhu, 2000) . In a related vein, increased frontoparietal theta phase locking during working memory tasks supports long-range connectivity between central executive function (Baddeley, 2010) and task-relevant information in storage buffers (Klimesch et al., 2008; Sauseng et al., 2005) . The present study extends those findings by showing a differential role of theta power and inter-regional theta phase locking in predicting working memory performance. Local theta power differences in the intraparietal sulcus between Correct and Incorrect trials predicted participants' accuracy in the Manipulation task. Further, inter-regional phase-locking differences between tasks were positively correlated with the participants' manipulation abilities. Measures of oscillatory power reflect variation in the number of neural units and/or their degree of synchronous recruitment within a region (Klimesch et al., 2008) and can thus be considered as a marker of local activation. By contrast, inter-regional phase locking has been proposed as a measure of dynamical changes in population excitability occurring simultaneously between regions (Lachaux et al., 1999; Logothetis et al., 2001; Varela et al., 2001) . Based on these principles, our data suggest that trial accuracy (Correct versus Incorrect) is predicted locally by the increase in number of cell assemblies synchronously activated within the intraparietal sulcus. In contrast, task-related theta modulations are driven by synchronized fluctuations of excitability in distributed cortical nodes of the dorsal stream.
Intriguingly, coherence analyses (a measure that combines effects in phase locking and power; Jerbi et al., 2007; Lachaux et al., 1999 ; STAR Methods; Figure S3) were not significantly related to behavior for either trial-type or task comparisons. This observation, together with the phase and power results, suggests that while the fluctuations of neural excitability in the different nodes of the dorsal auditory pathway are phase locked during the cognitively demanding Manipulation task (as compared to the Simple task), the timing of activation (power fluctuations) of each region might differ. Along these lines, we can hypothesize that while the different nodes of the dorsal stream might be phase locked during both Correct and Incorrect trials of the Manipulation task, within-task behavioral differences (Correct versus Incorrect) depend on local power changes in the intraparietal sulcus (see Figure 6 ; Figure S3 ).
Overall, results of Day I (baseline) show that theta activity in the dorsal auditory pathway can predict participants' auditory manipulation abilities during working memory. Moreover, these results suggest that during manipulation, distant regions of the dorsal working memory network (namely, left pre-supplementary motor area, right intraparietal sulcus, and right dorso-lateral frontal cortex; Figure 6B ) are phase locked with the left intraparietal sulcus in the theta frequency range. So far though, these results are only correlative. Investigating the causal relationship between these measures of oscillatory phenomena and behavior requires direct modulation of these pathways, which we accomplished by applying theta-rhythmic TMS over the MEG-identified intraparietal sulcus and during a functionally relevant time period of the task (Retention period).
Specific Entrainment of Ongoing Oscillations Causally Boosts Behavior
Theta-rhythmic TMS specifically boosted participants' accuracy in the Manipulation task. Such behavioral modulations were not observed for the Simple memory task and for the control arrhythmic TMS condition (that contained the same number of pulses over the same time period although not in a temporally organized fashion). To our knowledge, these results constitute the first behavioral evidence of task-specific working memory improvement by rhythmic non-invasive stimulation. While previous studies have shown that the frequency tuning of stimulation methods can shape perception using both rhythmic TMS and tACS (Cecere et al., 2015; Romei et al., 2016b Romei et al., , 2011 Romei et al., , 2012 Ruzzoli and Soto-Faraco, 2014; Weisz et al., 2014; Helfrich et al., 2014a Helfrich et al., , 2014b , the effects of such external stimulations on high-level cognitive tasks, such as working memory, have so far been limited (see Romei et al., 2016a for review) .
In line with the present study, Alekseichuk et al. (2016) have recently shown that spatial working memory performance can be increased via continuous cross-frequency tACS (thetagamma) applied over the frontal cortex (see Polanía et al., 2012 for converging fronto-parietal theta-tACS evidence on reaction times). Our study goes beyond those prior findings by showing that rhythmic stimulation outcomes are task specific and thus do not depend on potential sustained attention processes (Clayton et al., 2015) or other nonspecific effects.
Furthermore, these prior studies have used continuous stimulation during task performance, which does not allow to decipher whether stimulation effects operate during the encoding, maintenance, or retrieval stages of the task. By performing a complete MEG-based definition of the TMS parameters (how, theta frequency; where, intraparietal sulcus; when, Retention period), we identified the Retention period as the functionally relevant time period of the task during which the stimulation shall be applied.
Overall, both prior studies and the present findings on TMS outcomes on behavioral performance strongly suggest the existence of a causal link between theta oscillations in the dorsal auditory stream and manipulation abilities in memory. However, this result can be considered as an incomplete outcome in the sense that an effect on behavior does not pinpoint the presumed mechanism of action. To overcome this limitation, we recorded simultaneous EEG during each recording day.
Our EEG results show that theta-rhythmic TMS promotes endogenous brain oscillations in two different manners. While power increases in the rhythmic TMS session as compared to Day I, and to the arrhythmic TMS control condition, were limited to the time period of the stimulation, rhythmic TMS-brain phase locking persisted during the post-stimulation time window. Power effects are consistent with previous data showing that upregulation of oscillatory activity at the target frequency is transient and disappears after several hundred of milliseconds post-stimulation (Thut et al., 2011a; Romei et al., 2016a; Weisz et al., 2014) . TMS-brain phase locking results, on the other hand, are compatible with models of entrainment that stipulate that TMS depolarizing action entrains oscillatory activity by resetting the phase of ongoing oscillations (Herring et al., 2015) . Observing enhanced and persisting consistency in oscillatory phase locking can be thus considered as a marker of sustained entrainment of neural assemblies by rhythmic TMS (Herrmann et al., 2016) .
Additionally, we also show for the first time that both phase and power effects are task specific. Rhythmic TMS-induced theta power (as compared to Day I baseline and arrhythmic TMS) was stronger for the Manipulation task than for the Simple memory task. Considering that, at Day I baseline, theta power was higher during manipulation than during simple memory (Figures 3) , this result can be interpreted as a marker of specific interaction with ongoing, endogenous brain rhythms. This interpretation also receives support from the trial-type comparison for the rhythmic TMS session, which showed stronger theta power for Correct trials than for Incorrect trials in the Manipulation task. In a related vein, theta TMS-brain phase locking was increased in the Manipulation as compared to the Simple task over fronto-parietal areas. This finding can be interpreted as task-specific oscillatory entrainment as, at Day I baseline, task differences in theta phase locking in the dorsal pathway were predictive of participants' memory manipulation. These interpretations are in line with the concept that the upregulation of brain oscillations at target frequencies is more effective when the frequency of stimulation matches that of the natural, functionally relevant rhythms (Romei et al., 2016a; Thut et al., 2012) .
Furthermore, the amount of oscillatory entrainment scaled with the behavioral enhancement for each individual, and both behavioral and neurophysiological gains varied as a function of participants' baseline abilities. Observing task-specific oscillatory entrainment in relation to selective behavioral improvement represents strong evidence of causality between brain functions and behavior. The evidence that participants benefited differentially from the stimulation as a function of their initial levels in behavioral performance and theta power activity suggests that oscillatory markers can be used as predictors both of individual differences in terms of performance (Zatorre, 2013) and of noninvasive brain stimulation outcomes on brain functions. Further work has to be done to investigate whether differences in ongoing, resting electrophysiological activity may account for the heterogeneous brain responses to TMS between individuals, which are often reported in the literature.
Conclusions
Overall, our findings improve our understanding of the neural dynamics supporting auditory working memory in humans by showing that brain activity (power) and inter-regional functional connectivity (phase locking) in the dorsal auditory stream predict manipulation of information during memory retention. The rhythmic TMS results combined with EEG establish this relationship as causal, because the TMS-induced oscillatory changes were predictive of the TMS behavioral outcomes. Furthermore, we showed that rhythmic TMS acts both by selectively increasing oscillatory power during the stimulation period but also during and after the stimulation by potentiating long-range functional connectivity in the dorsal stream (theta phase consistency with TMS pulses extends in time, even after the stimulation is finished). While our study focused on auditory processes, this approach can be extended and generalized to interventions on other systems and modalities (visual, tactile, etc.; see Romei et al., 2010 Romei et al., , 2016a Ruzzoli and Soto-Faraco 2014 for review). However, it remains to be defined whether predictable aftereffects may arise from this entrainment (see Veniero et al., 2015 for review) . Further work is therefore needed to investigate the power of optimized, functionally relevant, non-invasive brain stimulation on human cognitive abilities, such as perception, long-term memory, or learning, and to explore the potential impact of such approaches as therapeutic tools for brain disorders (see Au et al., 2016 for an evidence of long-term effects with direct current stimulation and Romei et al., 2016a for a review).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Participants
Seventeen neurologically healthy young adults (five women; mean age, 28.12 ± 3.86 years, ranging from 21 to 33; mean education, 18 ± 2.44 years; mean musical training 7.26 years ± 7.52 years, ranging from 0 to 17) participated in the study. The group was composed of sixteen right-handed participants and one left-handed participant. All participants reported normal hearing and no history of neurological or psychiatric disease. They gave their written informed consent, and received a monetary compensation for their participation. All participants took part in a preliminary session to check for potential MEG artifacts and to ensure that they were able to perform the tasks above chance level. Ethical approval was obtained from Ethics Review Board of the Montreal Neurological Institute (NEU-14-043) and from the Comité d'É thique de la Recherche en Arts et en Sciences of Université de Montré al (CERAS-2014-15-251-D) .
METHOD DETAILS Protocol
For each participant, three different recordings were performed on three different days (with a minimum of 1 week between each recording). On Day I, participants performed auditory tasks during a simultaneous MEG/EEG recording ( Figure 1A ). This first recording session had four main goals: a) Evaluate participants' performance without applying TMS; b) record baseline EEG data; c) identify the frequency of the oscillatory markers related to auditory tasks (to be used in rhythmic TMS, days II or III), and d) localize the brain region that was subsequently targeted with TMS (Days II and III, Figure S1 ). Recordings on Day I were performed with MEG and EEG acquired simultaneously to maximize completeness of the data. MEG has superior spatial resolution and was thus used to perform source reconstruction for each participant (Sharon et al., 2007) . EEG data of Day I were used as baseline and were later compared at the sensor level to the simultaneous TMS/EEG data acquired on Days II and III. On Days II and III, participants performed the same auditory tasks under TMS simultaneously with EEG. In the TMS protocol, participants were stimulated with either rhythmic stimulations (on Day II or III, counterbalanced across participants) or arrhythmic stimulations -see below, Figures 1A and 4A (Thut et al., 2011a) .
Stimuli
During each session, participants performed two melodic discrimination tasks ( Figure 1B) . On Day I they performed an additional transposition task (not presented here and not used in Days II and III, see Foster et al., 2013; Zatorre, 2010a, 2010b) . In all tasks participants were required to compare two melodies separated by a silent retention period of 2 s. All melodies were composed of three 250-ms piano tones presented successively without inter-tone-interval. 108 different melodies (sequences) REAGENT were created using piano timbre and differing in pitch height (Sibelius, http://www.sibelius.com, tones from C4 to E6). These 108 sequences were used as the first melody of the pair (S1) and were the same for all tasks. All sequences were structured (tonal) according to the Western musical system, the pitch interval between consecutive tones was always inferior to 12 semitones (an octave) and identical tones were not repeated consecutively in a sequence.
Tasks Participants performed two same-different auditory melodic discrimination tasks (simplified version of Foster et al., 2013) : Manipulation melodies and Simple melodies (see example stimuli in Figure 1B) . In both tasks, participant had to detect if the pitch of a single tone was changed in the second melody (S2, pitch change of 2 or 3 semitones). The change preserved the melodic contour (the order of upward and downward pitch movement in a melody without regard to magnitude).
Simple Task
This was a basic melody-comparison task. The changed tone in the altered melodies could occur on any position of the second melody.
Manipulation Task
The tones of the second melody were manipulated in time, so that the final tone became the first. This transformation required a comparison between a sample and a transformed target. Therefore, participants had to manipulate auditory information in memory during the task. The changed tone in the altered melodies (inexact reversals) could occur on any position of the second melody.
Procedure
Tasks administration was similar on the three session days. Presentation software (Neurobehavioral systems, Albany, CA, USA) was used for delivery of the experimental protocol and to register button presses, auditory stimuli and TMS triggers. For each trial, participants listened binaurally to the first three-tone sequence with a total duration of 750 ms (encoding, S1), followed by a silent retention period of 2000 ms, and the second sequence (retrieval, S2, 750 ms duration). There were two blocks of each of the two tasks. The blocks were separated by 2-3 min of break. The two tasks were presented in alternation (counterbalanced across participants). Participants were informed of task order and asked to indicate their answers by pressing one of two keys with their right hand after the end of S2. They had 2 s to respond before the next trial, which occurred 2.5 s to 3 s after the end of S2. No feedback was given during the experiment. In each block, 108 trials were presented (54 same pairs, 54 altered pairs), resulting in 216 trials for each task per recording day. Within each block, the trials were presented in a pseudo-randomized order, the same trial type (i.e., same, different), could not be repeated more than three times in a row. Before each session, participants performed for each task a set of 30 practice trials (with melodies not used in the main experiment) without feedback. Behavioral data was analyzed using Signal Detection Theory (when necessary for d' estimation, 0 was replaced by 0.01 for the number of false alarms, and 1 by 0.99 for the maximum number of hits), paired t tests and repeated-measured ANOVA. In Figure 4B behavioral data are normalized to remove between-subject variability according to Cousineau (2005) procedure (for visualization, statistical results are strictly similar with or without applying this normalization).
Anatomical Data
All participants underwent a 3D anatomical MPRAGE T1-weighted Magnetic Resonance Imaging scan on a 1.5 T Siemens Sonata scanner or on a 3T Siemens Trio (Siemens AG, Erlangen, Germany) before (more than 2 months) of or just after the MEG/EEG recording of Day I. The anatomical volume consisted of 160 sagittal slices with 1 mm3 voxels, covering the whole brain. The scalp and cortical surfaces were extracted from the T1-weighted anatomical MRI. A surface triangulation was obtained for each envelope using the segmentation pipeline available in FreeSurfer (Fischl, 2012) with default parameter settings. The individual high-resolution cortical surfaces (about 75 000 vertices per surface) were down-sampled to 15 002 vertices using Brainstorm to serve as image supports for MEG source imaging.
MEG Recording (Day I Baseline)
Most MEG/EEG pre-processing, MEG source imaging and statistical analyses were performed with Brainstorm (Tadel et al., 2011) (http://neuroimage.usc.edu/brainstorm/) combined with Fieldtrip functions (http://www.fieldtriptoolbox.org/) and custom-made MATLAB code. Participants were tested for possible magnetic artifacts in a short preliminary MEG run. The recordings on Day I were carried out using a 275-channel whole-head MEG system (CTF/VMS, Port Coquitlam, BC, Canada) with continuous sampling at a rate of 1200 Hz, a 0-150 Hz filter bandwidth, and third-order spatial gradient noise cancellation. Horizontal and vertical electrooculograms (EOG) and electrocardiogram were acquired with bipolar montages. Head position was determined with coils fixated at the nasion and the preauricular points (fiducial points). The positions of the fiducial coils were measured relative to the participant's head using a 3-D digitizer system (Polhemus Isotrack). To facilitate anatomical registration with MRI, about 150 additional scalp points were also digitized. Head position was acquired continuously (continuous sampling at a rate of 150 Hz) and checked at the beginning of each block to ensure that head movements did not exceed 0.5 cm (this was confirmed by additional offline checking before the data analyses). Participants were seated upright in a sound-attenuated, magnetically-shielded recording room and listened to the auditory stimuli presented binaurally through air-conducting tubes with foam ear tips (fixed volume at 70 dB SPL). They were asked to keep their eyes opened, fixating a continuously displayed cross (white on a gray background). Participant performed a 5 min resting state recording at the end of the session (data not presented here). The duration of the experiment for Day I was 1-1.5 hr of recording, plus one hour for mounting the 64 EEG electrodes.
EEG Recordings
For all recordings (Days I, II and II) we used a MEG/TMS-compatible equipment (BrainAmp 64 DC, BrainProducts, http://www. brainproducts.com/). EEG was continuously acquired from 62 channels (plus ground, EOG and nose reference electrodes). TMScompatible sintered Ag/AgCl-pin electrodes were used. The signal was band-pass filtered at DC to 1000 Hz and digitized at a sampling rate of 1000 Hz. Skin/electrode impedance was maintained below 5 kU. The positions of the EEG electrodes were estimated using the same 3-D digitizer system (Polhemus Isotrack).
TMS Protocol
On Days II and III, TMS was applied during task performance and during EEG recording. Participants were seated with their chin positioned in a chin rest, their eyes open, and their gaze centered on a continuously displayed fixation cross (white on a gray background). They listened to the auditory stimuli presented binaurally through air-conducting tubes with foam ear tips (70 dB SPL). They were asked to maintain central fixation and to minimize eye blinks and other movements during the recording blocks. Short biphasic TMS pulses were delivered over the left Intraparietal Sulcus (see Results, Figure S1 , and below) under rhythmic-TMS or arrhythmic-TMS (control condition) depending on the recording day. The TMS coil was oriented perpendicular to the target region, to maximize effect strength (Thut et al., 2011a) . For each trial and for both tasks, five TMS pulses were delivered during the silent retention period between the two melodies, the first TMS pulse occurring 150 ms after the end of the first melody (900 ms post stimulus onset). In the rhythmic condition TMS pulses were delivered at 5Hz (1 pulse every 200 ms, frequency of stimulation defined with MEG/EEG data of Day I, see Results). In the arrhythmic condition, the TMS pulses were delivered randomly within five consecutive 200ms time windows (see Figure 4A ). Note that because of the constraints of the arrhythmic condition (5 pseudo-random pulses in 1 s) 11.67 ± 2.68% of the TMS trains had a rhythmic pattern with a frequency centered around 5Hz (4.80 ± 0.18 Hz). These more ''rhythmic'' trials were thus removed for each participant for subsequent behavioral and electrophysiological analyses. We registered the TMS coil (70mm figure-of-eight coil connected to a Magstim Rapid2 Stimulator) in all conditions to the native coordinates of the most prominent posterior theta-generators that were localized in the left Intraparietal Sulcus for all participants (obtained from MEG source imaging, see Results and Figure S1 ) via Brainsight (Rogue Research). Neuronavigation was based on the coordinates of the individual MEG source maps and individual structural MR scans (native space). TMS intensity was at 60% of machine output (see Weisz et al., 2014 for similar procedure and Thut et al., 2011a with TMS intensity ranging from 58% to 66%). On each TMS session there were two blocks of each of the two tasks. In each block, 108 five-pulse TMS trains were delivered, leading to 540 pulses per block over a block duration of about 11 min. Each TMS/EEG session (Days II and III) thus contained a total of 2160 active TMS pulses. Two 5 min resting state recordings (not presented here) were performed before and after the two TMS conditions (rhythmic, arrhythmic). The duration of the experiment for Days II and III was around one hour of recording, plus one hour for mounting the 64 EEG electrodes. The frequency of the rhythmic TMS was fixed to 5Hz (based on MEG/EEG results), and therefore was not adjusted to each participant's individual theta frequency. This stimulation parameter was chosen based on previous rhythmic TMS studies showing that individual frequency tuning may not be a strict requirement for entrainment (see Romei et al., 2010) . Notably, it has been shown that with increasing stimulus intensity, the relationship between the effective stimulation frequency and the preferred frequency tends to be reduced (Glass, 2001 ). With such strong driving forces as TMS, entrainment may be enabled using a relatively large frequency range (see Thut et al., 2011a) , and therefore it may not be required to set the TMS rate to each participant's individual self-generated frequency to observe behavioral effects. The TMS protocol respected the safety recommendations regarding stimulation parameters (intensity, number of pulses, ethic requirements) presented in Rossi et al. (2009) .
MEG Pre-processing MEG data were pre-processed following good-practice guidelines (Gross et al., 2013) , to verify data quality and to reduce contamination from artifacts (cardiac, eye movements and blinks, environmental noise). All recordings were visually inspected to detect segments contaminated by head movements or remaining environmental noise sources, which were discarded from subsequent analysis. Powerline contamination of the raw data (main 60Hz, harmonics 120 and 240 Hz) was reduced using notch filtering. Heart and eye movement (blink) contaminations were attenuated using signal-space projections (SSPs) from selected segments of data about each artifactual event (Nolte and Curio, 1999; Tadel et al., 2011) . Heartbeat and eye blink events were automatically detected on the ECG and EOG traces respectively. Projectors were defined using principal component analysis (PCA) of these data segments filtered between 10 and 40 Hz (for heartbeats) or 1.5 and 15 Hz (for eye blinks) in a 160-ms time window centered about the heartbeat event, or 400 ms around the eye blink event (default parameters settings). The principal components that best captured the artifact's sensor topography were manually selected as the dimension against which the data was orthogonally projected away from. In most participants, the first principal component was sufficient to remove artifact contamination. The projectors obtained for each participant were propagated to the corresponding MEG source imaging operator. The pre-processed data were then band-pass filtered between 0.3Hz and 50Hz with a second-order Butterworth filters (12 dB/octave slope) and then down-sampled to 500 Hz. Individual MEG trials were automatically inspected from À1000 ms to 4000 ms with respect to the onset of the first S1 tone (i.e., a time window covering S1, the delay, S2 and an additional 500 ms after the end of S2). Trials with ranges of values exceeding ± 3000 fT within the trial time-window at any sensor site were excluded from the analysis: as a result, between 150 and 190 trials were kept for each participant and condition.
MEG Source Imaging
Source reconstruction was performed for both tasks and for each trial, using tools available in Brainstorm, all with default parameter settings (Tadel et al., 2011) . Forward modeling of neural magnetic fields was performed using the overlapping-sphere technique (Huang et al., 1999) . The lead-fields were computed from elementary current dipoles distributed perpendicularly to the cortical surface from each individual (Baillet et al., 2001) . MEG source imaging was performed by linearly applying Brainstorm's weighted-minimum norm operator onto the preprocessed data. The data were previously projected away from the spatial components of artifact contaminants. For consistency between the projected data and the model of their generation by cortical sources, the forward operator was itself projected away from the same contaminants using the same projector as for the MEG data.
EEG Pre-processing and TMS Artifact Removal Preprocessing was performed in multiple steps, starting with removal of bad segments by visual inspection, and removal of the dominant TMS artifacts for EEG data of Days II and III. For this purpose, TMS artifacts were automatically detected and a period starting 10 ms pre to 20 ms post to the respective TMS peak was replaced by Gaussian noise with the standard deviation and mean adapted to correspond to a reference period set to be À35 to À15 ms before the respective TMS peak. Following this step, the data was downsampled to 500 Hz. This procedure effectively removes the direct (non-physiological) TMS artifact without introducing discontinuities, important for the later time-frequency analysis (see Weisz et al., 2014; Thut et al., 2011a) . However, this measure still left some TMS locked artifacts at electrodes directly in contact with the TMS coil. These residual artifacts were effectively removed using Independent Component Analysis (ICA) using EEG lab functions (https://sccn.ucsd.edu/eeglab/). For this purpose, as well as for the removal of artifacts of other origin (eye movements/blinks) artifact rejection removing was ran (e.g., dead channels, channel jumps, etc.) and the data was subsequently filtered between 0.3 to 50 Hz before computing the ICA on the remaining data. Using time-course and topographic information, components representing clear ocular or TMS-related artifacts were identified and removed from the filtered data. In a last preprocessing step, residual artifactual trials were removed by visual inspection. Note that the TMS artifact correction procedure has been evaluated in a control experiment ( Figure S5 ). EEG data of Day I were pre-preprocessed with a similar procedure, but without correcting for TMS artifacts. Individual EEG trials were then automatically inspected from À1000 ms to 4000 ms with respect to the onset of the first S1 tone. Trials with ranges of values exceeding ± 200 mV within a trial time-window at any electrode site were excluded from the analysis: as a result, between 140 and 180 trials were kept for each participant and condition.
Event-Related Responses
Event-related responses (ERRs) analyses were analyzed on MEG source time series and EEG scalp data. Averaging was done separately for the two experimental tasks (simple task and manipulation task for correct trials) and for incorrect trials in the manipulation task. A À100 to 0 ms interval prior to the first tone in S1 was used for baseline correction (z-score for the MEG data, subtraction for the EEG data). For each participant, all analyses were performed with the same number of trials for each condition (random selection). ERRs analyses focused on the sustained evoked response during the silent retention period between the two melodies (see Figures  2A and 2B ). To determine whether there were differences between tasks (Manipulation versus Simple) and trial type (Correct versus Incorrect for the Manipulation task) in the amplitude of the sustained responses during the Retention Period, we computed the absolute values of the mean of these ERRs in eight consecutive 250 ms time windows (between 750 and 2750 ms). Statistical significance was tested for each time window with a paired t test using cluster-level statistics (as implemented in Fieldtrip) on the source maps (MEG) and EEG topographies to correct for multiple comparisons. These ERRs analyses were performed to identify the region of interest (ROI) within which time frequency analyses were performed. The ROI was defined by a conjunction analysis of the main effects of Manipulation versus Simple contrast (correct trials) and Correct trials versus Incorrect trials contrast for the Manipulation task (see Figures 2A and 2B , Right panels).
Oscillatory Activity
We were first interested in the differences between tasks (Manipulation, Simple) and between trial types (correct versus incorrect trials in the manipulation task) in endogenous oscillatory activities in the low frequency bands during the retention of auditory information. We thus focused on the silent period between the two melodies. Because neither latency nor frequency of these oscillatory bursts was known a priori, we performed time-frequency decompositions based on a wavelet transform of the signals (Tallon-Baudry et al., 1996) in the ROI defined by the ERRs analyses. The MEG and EEG signals were convoluted by complex Morlet's wavelets, with a Gaussian shape both in the time (SD st) and frequency domains (SD sf) around its central frequency f0. The wavelet family was defined by (f0 /sf) = 7, with f0 ranging from 2 to 50 Hz in 1 Hz steps. The time-frequency wavelet transform was applied to each trial and then averaged across trials, resulting in an estimate of oscillatory power at each time sample and at each frequency bin between 2 and 50 Hz. We investigated oscillatory activities during the retention period, with respect to a pre-stimulus baseline, by z-scoring for each frequency the mean power computed over the period defined as À1000 to 0 ms preceding the presentation of the first tone. To identify the differences between tasks and between trial types, we computed the Power Spectrum Density (PSD, Welch's method with partially overlapping time windows) of the activity averaged over the time windows in which significant task and trial type comparisons were observed (1750 to 2250ms post stimulus onset, see Results). PSD were computed for all participants to compare the mean power of Manipulation task with the mean power of Simple task. This analysis was also performed for the comparison between Correct and Incorrect trials in the Manipulation Task. To analyze the oscillatory activity evoked by the TMS trains (data of Days II and III), we processed the EEG signals with similar procedure (complex Morlet wavelets and baseline correction with z-scoring). Based on the results from the data of Day I (see Figure 3 ) and in order to evaluate the entrainment of theta-oscillations, we extracted the frequency range between 4 and 6 Hz for each participant (average of the two tasks) for entire retention time period from the wavelet dataset. Their topographies were then compared across sessions (rhythmic TMS versus Day I Baseline and rhythmic TMS versus arrhythmic TMS) using electrode-wise t statistics (t/p maps) and cluster-based statistics to correct for multiple comparisons. To assess the specificity of the results, theta-power differences between sessions were extracted for each task in two different time windows, within the retention period corresponding to: 1) the stimulation period (during which TMS was applied, green dotted outlines) and, 2) the post stimulation period (yellow dotted outlines, Figure 5A ). This analysis was performed within a ROI defined by the conjunction analysis of rhythmic TMS main effects (rhythmic TMS versus Day I Baseline and rhythmic TMS versus arrhythmic TMS, Figure 5D ).
Functional Connectivity
Functional connectivity during the retention period between the left Intraparietal Sulcus and the rest of the brain was investigated by estimating the phase locking statistics (phase locking value, PLV) and coherence (Coh) (Lachaux et al., 1999; Tallon-Baudry et al., 1996) . PLV measures a degree of consistency (locking) in the difference in phase between time series (phase-locking). This is realized by testing the significance of the covariance in phase between two signals, with a reasonable time-resolution (z100 ms) (see Lachaux et al., 1999) . Coherence is a spectral measure of correlation between signal pairs across frequencies; it is calculated from the cross-spectral density between the two waveforms. Coherence does not specifically quantify phase relationships, as it does not disambiguate between the respective effects of amplitude and phase in the interrelations between signals. In summary, unlike coherence, PLV clearly disentangles between phase and amplitude effects in interregional dependencies. PLV and coherence values were individually averaged across trials for each task and each trial type. Differences between Tasks and Trial Types were calculated at the level of the whole brain and these data were then linearly regressed with behavioral performance in the manipulation task (for illustration, Figure 6B ). Statistical tests on these metrics were then performed on three regions of interest (cortical patch surface area of 50 mm 2 ) determined with coordinates extracted from previous studies (see Foster et al., 2013; Zatorre et al., 2010 ) that investigated the same contrast with fMRI (Manipulation task versus Simple Task). Coordinates of the regions of interest were right Intraparietal Sulcus (x = 38; y = À78; z = 38; Foster et al., 2013) , right Dorso-Lateral-Frontal-Cortex (x = 48; y = 14; z = 46; Zatorre et al., 2010) and left Pre-Supplemental Motor Area (x = À4; y = 20; z = 56; Foster et al., 2013) . TMS-Brain Phase locking: Finally, to estimate the effects of TMS on the endogenous phase of the EEG signals, we estimated the PLV between a perfect sinusoidal signal at 5Hz (simulating rhythmic TMS pulses) and brain activity. These data were then contrasted between tasks in three different time windows corresponding to 1) the retention period, 2) the stimulation time period and, 3) the post stimulation period.
QUANTIFICATION AND STATISTICAL ANALYSIS
The study includes n = 17 participants. Behavioral statistical analyses were performed with repeated-measures ANOVA and using Fisher LSD post hoc tests. Correlations between functional data and behavioral data were estimated with Pearson's correlations. Statistical significance was set to p = < 0.05. All analyses including behavioral data were computed using Statistica (http:// statistica.io/; Statsoft). Whole-brain analysis for event related responses and oscillatory activity were performed with paired t test using cluster randomization statistics as implemented in Fieldtrip (http://www.fieldtriptoolbox.org/). Region of interest analyses were performed with paired t tests (Statistica). Statistical significance was set to p = < 0.05 corrected for multiple comparisons. For all analyses (behavior, functional), statistical values, dispersion and precision measures (e.g., mean, SEM) can be found in the figures, figure legends or in the main text in the Results section.
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